The wake of a freely flying common swift (Apus apus L.) is examined in a wind tunnel at three different flight speeds, 5.7, 7.7 and 9.9 m s
INTRODUCTION
As a flying animal in active flapping flight propels itself through the air it generates periodic disturbances in the air that are left behind the animal as trailing wake vortices. Newton's Third Law dictates that the forces exerted by the animal on the fluid are equal and opposite to the forces exerted by the fluid on the animal. Thus, the wake represents the combined consequences of all wing, body and tail actions. In wakes where vertical flow is dominant over accelerated potential flow [1] and wake dissipation and interactions are assumed negligible, the quantitative properties of the vortices in the wake and their orientation relative to each other, i.e. the wake topology, are sufficient to describe the forces exerted by the flying animal. Studying the wake of an animal to examine the forces produced is a convenient and rather elegant approach as it involves minimal disturbance to the animal. Digital particle image velocimetry (DPIV) is a technique that has been used to visualize the wake of flying animals (e.g. [2 -12] ). The technique has been greatly developed in recent years and today stereo systems with high-repetition rates exist. In this paper, the results of high-speed stereo DPIV measurements of flapping flight in the common swift (Apus apus L.) using such a system are reported. The flapping flight of the swift at cruising speed has been previously studied in the Lund wind tunnel using a two-dimensional DPIV system with 10 Hz repetition rate [7] . The high-repetition rate of the system used in the current study allows for increased time resolution compared with the previous study, which results in higher detail of the final wake representation, both qualitatively and quantitatively. The topology and variation of the quantitative properties of the vortex wake can be sampled within wingbeats instead of, as in the previous study, having to patch together the complete wake from frames originating from separated wingbeats (for examples, of high-speed DPIV, e.g. [11,13 -15] ). The main objective of the present study was to explore a wider speed range and to derive a time-resolved wake representation by the use of a high-speed stereo DPIV system. The bird was flown at three speeds, covering the complete range of flight speeds possible for the swift in the wind tunnel.
MATERIAL AND METHODS

Birds
Two juvenile common swifts were captured in their nest in the early morning on their assumed fledging day, 4 August 2008, and immediately transported to the wind tunnel facility at Lund University, Sweden. Between flight episodes, they were kept in a lidless plastic box (0.5 Â 0.4 m) with an artificial nest bowl. They were hand fed every other hour from morning to evening with a mixture of insects, vitamins and water using a syringe. The masses of the birds were monitored carefully throughout the day. Both birds were flying well, but only one of the birds turned out to be suitable for experiments (behaving calmly and flying steadily and at the appropriate location), and therefore all data presented in this paper were collected from this bird. The morphological details of the bird are presented in table 1 . Wing area and wing span were measured using Scion Image (Scion Corporation) from top-view digital photographs of the bird with fully spread wings held over a background with a reference grid. Body mass was measured with an electronic balance and averaged over the time of the complete study. On 14 August, both birds were released into the wild.
Wind tunnel
The Lund University wind tunnel is a closed-circuit, low-turbulence, low-speed wind tunnel designed for experiments with live animals. Details and specifications of the tunnel are described in Pennycuick et al. [16] . The air speed across 97 per cent of the test section is within +1.3 per cent of the mean [16] and the baseline turbulence is approximately 0.03 per cent [10] .
Stereo digital particle image velocimetry
2.3.1. Specifications, setup and calibration. Flow field areas of approximately 20 Â 20 cm were captured using two CMOS-sensor cameras (High-SpeedStar3: 1024 Â 1024 pixels) connected to frame grabber peripheral component interconnect boards in a PC host. The cameras were equipped with 60 mm lenses (AF Micro Nikkor 60 mm f/2.8D) set to aperture 2.8. The tunnel was filled with a thin fog ( particle size 1 mm) that was illuminated by a pulsed 50 mJ laser (Litron LPY732 series, Nd : YAG, 532 nm) at a repetition rate of 200 Hz (10 ns time accuracy). The laser beam was spread by a cylinder lens into a thin sheet shining from above through the glass roof of the test section and transverse to the flow covering the view of the two cameras (figure 1). The cameras were equipped with band pass filters (530 + 5 nm) blocking light from any light sources other than the laser. The system was operated using DAVIS 7.2.2 software package (LaVision, Göttingen, Deutschland, Germany). A highspeed camera (NAC Hotshot 1280) filmed the bird from above at 250 fps to record flight behaviour and the position of the bird in relation to the laser sheet during each measurement.
The DPIV cameras were calibrated using the calibration routine in DAVIS. The routine involved a calibration plate (20 Â 20 cm, type 22) used to calculate the orientation of each of the two cameras. The calibration was also fine tuned with a self-calibration routine, also included in DAVIS, which compensates for any misalignments between the laser sheet and the calibration plate.
In order to optimize pixel displacement between image pairs, the time delay between these images (dt) was tested on background flow. The time delay was chosen that resulted in 3 -5 pixels displacement.
Data acquisition.
The stereo DPIV cameras, the laser and the position high-speed camera were all triggered by a common trigger signal manually executed by the operator. Triggering was done when the bird was flying steadily in the appropriate location, i.e. in view of the cameras and 0.3 -0.4 m (approx. 8-11 chord lengths) upstream of the laser sheet. Each triggering event lasted 1 s, i.e. recording 200 image pairs. If the bird showed any tendency to move too close to the laser sheet during the measurement, the light was blocked for the safety of the bird by activating an electronic internal shutter in the laser control. The bird was flown at wind tunnels speeds U 1 ¼ 5. The laser is synchronized with the two CMOS DPIV cameras that capture images of the smoke at each laser pulse. The images are stored in the host PC. The light emitted from the laser is guided via an optical arm that by the end of it has a lens that spreads the light beam into a thin light sheet. The light sheet was for this experiment positioned perpendicular to U. The position camera is used for recording the flight behaviour of the bird and its location relative to the laser sheet during measurements. The laser and the cameras are triggered and synchronized by the high-speed controller box (HSC). pre-processed prior to vector computations, and images were filtered by subtracting a sliding minimum over five frames (two before and two after the current frame). This operation filters out any irrelevant structures, such as streaks in the light owing to imperfections in the glass roof, or if the bird was visible in the background of the images. For image correlation, multipass stereo cross-correlation was used (64 Â 64 in initial step and 32 Â 32 in final step, 50% overlap). The resulting vector fields were post-processed, first by deleting vectors that showed a peak ratio less than 1.01, when dividing the highest correlation peak with the second highest correlation peak. Secondly, vectors were deleted if the magnitude was two times the neighbourhood root mean square (RMS) and recalculated if the magnitude was three times the neighbourhood RMS. Thirdly, empty spaces were filled in by interpolation and a 3 Â 3 smoothing average was applied. For each sequence, background velocities based on measurements of background flow were subtracted to obtain images showing only velocities induced by the bird. The velocity vectors in x-(streamwise), y-(spanwise) and z-(vertical) direction (figure 1) were used to calculate the vorticity normal to each plane. Circulation was calculated for distinct structures in the wake, wingtip vortex, tail vortex and a vortex shed from the wing/body junction (see below), using a custom written MATLAB analysis program (The MathWorks, Inc., Natick, MA, USA) and otherwise following the same procedure as described in Spedding et al. [3, 4] .
In order to visualize the wake topology, the images were compiled into a three-dimensional representation of the wake by converting the time delay between the images (Dt ¼ 1/200 s) into spatial displacement (Dx ¼ DtU 1 ) assuming a constant convection solely contributed by the freestream velocity (U 1 ). The compiled three-dimensional models were used to generate vorticity iso-surface plots of wakes. The iso-surface plots show the normalized constant streamwise vorticity (v
Model formulation and force derivations
Circulation was calculated on distinct and identifiable wake structures, namely wingtip vortices, wing root vortices and tail vortices. All of these structures were assumed to reflect consequences of the force generated by the flying bird. Instantaneous force generated as a function of time within the wingbeat is according to the Kutta -Joukowski theorem
where r is air density and G(t) is circulation over time of wingtip, root and tail vortices. b(t) represent the semispan of the three different wake structures over time, so that if, e.g. the force generated by the wingtip vortices is calculated, b(t) represent the semi-span of the wingtip vortices. In the same manner, b(t) represents semi-span for root-and tail-vortices for the calculation of the forces produced by those structures. Wake period was normalized so that t ¼ t/T, where T is the wingbeat time duration. Beginning and end of the wingbeat was defined as the upper turning point. The total force over the wingbeat is then
The resulting net force was calculated as the sum of the total force contributed by each of the three vortex structures, wingtip, root and tail vortex. The total force is then
ð2:3Þ
This force corresponds to the total net force vector generated by the bird, including both lift (vertical force) and thrust (horizontal force). A bird flying level and at constant speed, which was the case with this bird during recording, needs to produce lift and thrust to balance the counter acting weight and drag. For simplicity, thrust/drag force will hereafter be referred to as drag. In order to tease apart lift and drag, the geometry of the wake was taken into account. By tracing the location of the centre of wingtip, root and tail vortices over time (t) and space (x ¼ tU 1 ), the threedimensional path of each of the structures could be estimated. The path was smoothed by the use of a cubic smoothing spline (MATLAB, CSAPS, smoothing parameter set to 1 -10 23 ). The derivative of this spline was used to estimate the wake plane angle over time (defined as the inclination angle between the wake plane and the horizontal, b; figure 2). The direction of the total force vector previously calculated was assumed to always be normal to the wake plane and subsequently lift (L) was calculated as Time-resolved wake of a common swift P. Henningsson et al. 809
3. RESULTS
Overall wake topology
The fundamental structure of the swift wake consists of pairs of wingtip vortices, wing root vortices and tail vortices. Figure 3 shows a typical sequence for each speed, 5.7, 7.7 and 9.9 m s 21 , of selected wake images of the left wing and tail.
The beginning of downstroke is similar for all speeds, the wingtip vortex is starting to form but no root vortex is present ( figure 3a,f,k) . At 5.7 m s 21 , tail vortices are visible during the start of the downstroke (figure 3a). At mid-downstroke both the wingtip vortex and the wing root vortex are the strongest at all speeds ( figure 3b,g,l ) . The end of downstroke shows weaker wingtip and root vortices than previously in the wing stroke and a tail vortex is present at 5.7 m s 21 (figure 3c), which is absent at 7.7 m s 21 at this stage of the wingbeat (figure 3h). Also at 9.9 m s 21 , a tail vortex is present, but counter-rotating to the wingtip vortex ( figure 3m ). Mid-upstroke shows wingtip vortices at all speeds, but no root vortices (figure 3d,i,n). At 5.7 m s
21
, the tail vortex has grown stronger than previously in the wingbeat (figure 3d) and at 9.9 m s
, the opposite-signed tail vortex is still present (figure 3n). At the end of upstroke, at all speeds, the wingtip vortex has decreased in strength from the peak earlier in the wingbeat to a point where it is hardly distinguishable. The tail vortex is present at 5. 
. During the beginning of the downstroke, wing root vortices are formed and stay present throughout the downstroke, similarly to 7.7 m s 21 (figure 4c). The wingtip vortices that can be seen in the vorticity vector field images during the mid-upstoke (figure 3n) are too weak to appear in the iso-surface plots and hence the upstroke shows no wake structures.
Quantitative wake measurements
At all speeds, the dominant wake structures were the wingtip vortices, the wing root vortices and the tail vortices. Measured circulation of these vortex structures are presented in figure 6 , where the fitted lines show the cubic spline functions used in the model. At all three speeds, there is a rapid increase of wingtip circulation during the first half of the downstroke, reaching a peak at mid-downstroke ( figure 6a,d,g ). At U ¼ 5.7 m s
21
, there is a steeper increase of G compared with 7.7 and 9.9 m s 21 (figure 6a). The wing root circulation follows the pattern of the wingtip circulation, although with opposite sign, i.e. a rapid increase in jGj during the first half of the downstroke and with peak at the same time as the wingtip circulation, suggesting that the two structures are correlated ( figure 6b,e,h ). The overall magnitude of wingtip circulation and wing root circulation shows a decrease with increasing speed. Tail circulation, for all speeds, follows an opposite pattern to the wingtip circulation, i.e. when wingtip circulation is low, as in beginning and end of the wing stroke, the tail circulation is high and vice versa. Tail circulation is on average higher at 5.7 m s 21 than at 7.7 and 9.9 m s 21 (figure 6c,f,i).
Force derivations
The model used to estimate forces generated by the bird included the three major structures of the wake, i.e. wingtip, wing root and tail vortices. The total aerodynamic force was calculated according to equations Time-resolved wake of a common swift P. 
DISCUSSION
Flight characteristics
The flight characteristics of the swift used in this experiment was largely similar to that described for the experimental bird by Henningsson et al. [7] . The bird flew well after just 1 day of training. Unlike the bird used by Henningsson et al. [7] , the current bird would fly at a slightly wider range of flight speeds, from 5.7 to 9.9 m s
21
, which allowed for an extension of the examined range. At 5.7 m s 21 , the bird was clearly struggling to stay aloft, with spread tail and high body angle. Below this speed, it would descend to the floor of the test section within a few seconds. At 9.9 m s
, the bird was flying in a more relaxed way than at 5.7 m s 21 , but at this speed, manoeuvring in relation to the wind tunnel walls started to become challenging for the bird and consequently it was not possible to examine higher flight speeds owing to safety issues.
It is important to acknowledge that the results in this study are based on only one single individual and that this obviously is a limitation to the study.
Wake topology
The wake topology of the swift as interpreted from the wake images captured at the transverse plane and the corresponding three-dimensional vorticity iso-surface plots show a more complex wake than previously described. In Henningsson et al. [7] , longitudinal (sagittal) wake data led to the conclusion that the wake consisted mainly of a pair of trailing wingtip vortices and between these were interconnecting vortex filaments. The present data suggest that the wake structure consists of some additional features. The wingtip vortices show very similar features as that described in Henningsson et al. [7] . In addition, distinct and clear wing root vortices are found, that appear to originate from a point near the wing/body junction. The root vortices are very consistent and present in every wingbeat at all examined speeds. The existence of root vortices indicates that the wing/body configuration is not acting as a single wing but rather the wings operate to some extent aerodynamically detached from each other. However, since the circulation in the root vortex is lower than that of the wingtip vortex there must be some circulation also over the body/tail and therefore the wakes of the wings are not completely isolated. This is similar to what has been found in the wake of bats [6, 9, 11, 15] , a blackcap (Sylvia atricapilla; [14] ) and to some extent in bumble-bees [17] . During the downstroke, the strength of the root vortex relative to the tip vortex was higher in the swift compared with the blackcap, while it is difficult to compare the wakes Time-resolved wake of a common swift P. Henningsson et al. 813 during the upstroke owing to potential interaction between tip, root and tail vortices in the blackcap arising from its passerine wingbeat kinematics (cf. [14] ). The fact that this wake structure is found in such a vast range of organisms, both in terms of morphology, taxonomy and size, suggests that the root vortices originate from the constraint of the necessity to incorporating a solid body into a smooth wing design [17] . The ability to fly has, to our knowledge, evolved independently at least four times during the history of evolution: in insects, birds, bats and the extinct pterosaurs. It may be quite counterintuitive to think that the aerodynamics of animal flight should have evolved to such similar solutions. On the other hand, the body of a bird, bat or insect is likely to always generate less downwash (lift) compared with the wings (e.g. [18, 19] ), simply because of the aerodynamic properties of such shapes and therefore there will be a steep pressure gradient from wing to body. This gradient will necessarily introduce some disturbance to the wake, which could be manifested as root vortices. However, there are examples of animals that have succeeded in this without introducing root vortices, e.g. dragonflies [20] . An alternative explanation to the formation of root vortices may be that because the wing is flapping, a gradient of velocities along the wing is created that could result in a decrease in circulation from the wing tip to the wing base. This gradient may be manifested in the shedding of vortex filaments that subsequently roll-up to form a root vortex structure. Either way, it is not obvious whether the wake topology with separate loops is an advantage or a constraint. Generating two separate vortex loops, one for each wing, will be less efficient than if the two wings together with the body would act as one wing and only shed wingtip vortices. On the other hand, separate wakes may facilitate increased agility, gained from each wing operating aerodynamically detached from the other (see [6] ).
A previous study of swift wakes consisted of only longitudinal views [7] and therefore the tail vortices were not well represented and therefore largely ignored. With the current transverse data, the tail vortices are more obvious and consistent and could be incorporated in the wake model. The tail appears to possibly have different functions at the three different speeds. At 5.7 m s
21
, the tail is widely spread with the circulation of the tail vortices being stronger compared with 7.7 and 9.9 m s 21 (figure 6c). However, the reason that the circulation of the tail vortices at the lowest speed is higher than at the other speeds may not only be due to a wider spread of the tail, but also to a higher body angle. The body angle of a flying bird has been shown earlier to affect the tail vortices [19] . The body angle of the swift was, however, not measured in this study. At 7.7 m s , the circulation of the tail vortices follows inversely that of the wingtip vortices. This implies that the tail has the function of contributing lift during periods of the wing stroke when the lift generated by the wings is low. At 9.9 m s 21 , the tail shows reversely rotating vortices compared with those at 5.7 and 7.7 m s
, actually generating negative lift. At that speed it is possible that the tail is used for control, for example, by creating a pitch up moment to counteract a pitch down moment introduced by the wings. This configuration would result in longitudinal static stability (e.g. [21] ). However, it is important to acknowledge that, since the bird is flying in a confined volume and not in the open airspace as it would in natural flight, this sort of adjustment may be due to the bird trying to fly steadily in the wind tunnel. On the other hand, the pattern is consistent over wingbeats, which would not be expected if it was due only to stabilizing manoeuvres.
Model and force derivations
The model describing the wake of the swift accounts for the three major structural components of the wake, i.e. wingtip, root and tail vortices. Weight of the bird is the force best known in this type of experiments and it is used as a reference for the model output. The results show that the lift calculated from the wake-based model is only about 50-60% of the weight of the bird. This deficit is a concern, since it indicates that the wake representation is not fully satisfactory. The method of measuring the circulation, the model formulation and finally the calculations performed have been carefully checked and there is no reason to suspect any methodological errors or calculation errors. A similar problem was addressed by Hubel et al. [13] , where wake circulation yields approximately 50 per cent weight support for a bat in flapping flight. In that study, two potential explanations were proposed: firstly, that vortex structures are partly destroyed by background turbulence or other unsteady phenomena, and secondly, that a portion of the vortex sheet is lost owing to diffusion before it converges into the wingtip vortex. Both of these explanations are potentially applicable to the current case of the swift. Both Hubel et al. [13] and the current study of the swift measured the far wake behind the animals. It is possible that the wake evolves when convecting downstream of the animal into a structure more or less distorted compared with the original wake created at the wing. The amount of distortion thus depends on how far downstream the wake is sampled. Yet another potential explanation to the wake deficit is that the wingtip vortex and the wing root vortex interact. In aeronautics, there is a well-known phenomenon commonly called Crow instability [22] , in which vortex pairs interact as the wake evolves in an increasingly complex way further downstream of a wing. This phenomenon has been empirically investigated at Re G % 10 5 (Re G ¼ (G 1 þ G 2 )/n, where G 1 and G 2 are the circulation in the two vortices and n is the kinematic viscosity; corresponding value for the swift was approx. 2.4 Â 10 4 ) and the results suggest that counter-rotating vortex pairs interact by initially attracting towards each other and subsequently the weaker (in this case root) vortex inter-twists the stronger (in this case wingtip) vortex and finally wraps around it into a complex structure [23] . The wake of the swift was sampled approximately 8 -10 chord lengths downstream from the bird, which suggests that the wake, when captured, is in its early state of Crow instability. However, it is possible that the two pairs of vortices, wingtip and root, have interacted so that the wing root vortex has started to move towards the wingtip vortex and vice versa. If this is the case, the effective wake span will be affected in two ways: the wingtip vortex will move inwards from the wingtip and the root vortex will move outwards from the wing root, resulting in an underestimate of the wingtip vortex span and an overestimate of the root vortex span. These effects will both reduce the positive contribution to lift by the wingtip vortex and increase the negative contribution to lift generated by the root vortex (equation 2.1). Even at an early state of Crow instability this could potentially cause a misrepresentation of the wake and an underestimate of the forces. To test this, the model was adjusted so that the measured wake span was equal to the span of the bird, i.e. as if no contraction in the wake occurred. Then, the calculated lift was 95, 83 and 115 per cent of the weight for 5.7, 7.7 and 9.9 m s
21
, respectively. The L/D ratio was, however, almost the same, 5.2, 5.8 and 8.0, for the three speeds, respectively. This result is probably an overestimate of the forces, since it is expected that the wake contracts downstream the bird (e.g. [24] ), but it represents the other extreme, i.e. no wake contraction, and the results from these two calculations (based on actual wake span versus based on wing span) should encircle the true value. If the deficit indeed stems from Crow instability, the circulation in the wake would be conserved (cf. [25] ) and not lost or destroyed as proposed by Hubel et al. [13] . To examine this, the circulation measured in the wake in the present study was compared with the circulation measured in Henningsson et al. [7] , where the wake was measured in a longitudinal plane. The circulation measured in the current study was not different from that found in the earlier study of the wake of a flying swift. This supports the argument that the wake deficit found in the current study is due to some wake distortion, for example, Crow instability. If this is true, it is a general issue when studying far wakes at the transverse plane. It is a dilemma, if the wake is sampled close to, but not on the object, the samples will represent a wake that is still in an intermediate phase of contraction of unknown degree, whereas if the wake is sampled further downstream where the wake has contracted fully, instability becomes an issue. Furthermore, it is difficult to measure wakes using DPIV on, or very close to, a live animal flying freely in a wind tunnel, owing to safety issues, which means that one is often restricted to measuring the far wake. A detailed study of the development of wingtip and root vortices from close to the wing to far down the wake needs to be done to examine this potential phenomenon. When a bird is flying level at a fixed velocity, the mean thrust and drag are balanced. Thrust, and hence drag, was estimated by taking the geometry of the wake into account. This calculation rests on the assumptions that the total force (vector sum of lift and thrust) always is generated normal to the wake plane and that the wake plane does not change orientation to a large extent from when it was generated at the wing until it is captured by the DPIV cameras approximately 8 -10 wing chords downstream. By comparing near and far wakes of a bat, Johansson et al. [8] showed that the qualitative and quantitative wake properties show rather small changes with distance from the object. Nevertheless, the drag estimate made here should be viewed upon as a preliminary estimate, especially considering the above mentioned problem with wake distortion. An alternative model by Henningsson et al. [7] used input from longitudinal DPIV images and it was assumed that any shed circulation in the wake corresponded to a change in circulation of the bound vortex on the wing. Otherwise, the calculations were made in a similar fashion as with the current model, by integrating over the wingbeat to calculate the total net force and decomposing this force into lift and thrust based on the geometry of the wake. The L/D ratio estimated by Henningsson et al. [7] was 6.7 (an error in the calculation resulted in an erroneous L/D in the original paper) at 8.4 m s
. The closest comparable speed in the current study was 7.7 m s
, and at that speed the measured L/D was 5.9. The L/D ratios for robins were estimated from the wake and evaluated at 7.5 in flapping flight in a wind tunnel [26] , which suggests that the L/D ratio measured here is an underestimated value considering the morphological differences between the swift and robin (AR swift ¼ 10.3, AR robin ¼ 4.8). The L/D ratio of the swift in gliding flight in a wind tunnel has been estimated at 12.7 [27] . This represents the true L/D ratio while the L/D ratio calculated here for flapping flight represents the effective L/D (i.e. when the wake geometry owing to the flapping motion is taken into account), which is expected to be lower. However, the fact that the L/D in flapping flight is found to be almost half of that in gliding in the same species is perhaps surprising and more research on this in other flying animals may be worthwhile in order to investigate if the pattern is recurring or if it is something that is characteristic of common swifts.
